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ABSTRACT

The effects of artificially produced gents and grooves on the elasto-
nydrodynamic (EHD) film thickness profile in a sliding point contact are
investigated by means of optical interferometry. The defects, formea on the
surtace of a highly polished ball, are held stationary at various locations
within ana in the vicinity of the contact region while the disk is rotating.
It is shown that the defects, having a geometry similar to what can be ex-
pected in practice, can dramatically change the film thickness which exists
when no defects are present in or near the contact. This change in film
thickness is mainly a function of the position of the defects in the inlet
region, the geometry of tne defects, the orientation of the defects in the

case of grooves, and the aepth of the defect relative to the central film
thickness.

INTRODUCT ION

The tribological behavior of contacting surfaces can be influenced by the
topography of the surfaces. The degree of influence mainly depends on minimum
film thickness and the topographical features of the surfaces. Such influence
is especially acute in elastohydrodynamic (EHD) contacts where the minimum
film thickness and the surface irregularities can be of the same order of
magnitude. Under these conditions, both analytical and experimental studies
of the contact are very difficult. Because of this difficulty, there has been
a tendency to simplify real rough surfaces with surfaces which can be more
easily analyzed. These simplifications have been made by considering only
transverse or longitudinal roughness, by artifically producing "rough" sur-
faces and defects, and by analyzing single asperities or furrows.

Transverse and longitudinal roughness and idealized asperities in EHD con-
tacts have been analytically studied by Chow and Cheng [1,2].* Experimental
investigations of a debris dent, and artifically produced dents, furrows and
rough surfaces in EHD contacts have been conducted by Wedeven [3], Wedeven and
Cusano [4], Cusanu and Wedeven [5], Jackson and Cameron [6], and Kaneta and
Cameron [7]. By means of optical interferometry, references [3-6] have demon-

*Numbers in brackets designate References at end of paper.
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strated that large film thickness variations can occur around surface de-
fects. These film thickness variations can cause a reduction in film thick-
ness resulting in possible scuffing failures and/or an increase in local film
thickness with accompanying high localized pressure and stresses resuiting in
possible fatigue failures. An important first step in determining these pres-
sures and stresses around furrows and asperities in line contact has been made
by the analytical work of Cheng and Bali [8].

The above studies have aemonstrated a number of geometrical and topo-
graphical features which are important when considering dents, furrows, and
rough surfaces in EHD cc. tacts. These features and the kinematics of the con-
tacting surfaces influence the film thickness distribution and, therefore, the
pressure distributions in such contacts. Specifically, it has been found that
this film thickness distribution is mainly influenced by the following:

1. Surface lay, i.e., whether the surface roughness is longitudinal or
transverse relative to the direction of flow.

¢. Whether surfaces are under pure rolling or pure sliding conditions.

3. Size of surface irregularities in comparison to the central film
thickness based on smooth surfaces.

4. Slopes of irregularities.
5. Position of irregularities within the Hertzian region.

6. In contacts between rough and smooth surfaces, whether the rough sur-
faces is moving or stationary under simple sliding conditions.

In [4,5], the film thickness variations caused by artificially-produced
irregularities on highly polished balls in contact with a sapphire disk were
observed under pure rolling and pure sliaing conditions. The surface ir-
regularities were observed by taking high-speed single-flash photography.

A xenon flash lamp was synchronized with the ball rotation and could be
delayed so that the irregularities could be photographed in various positions
within the conjunction region. In order to obtain data under pure sliding
cornditions, the disk was momentarily stopped manually while the ball rotated.
Under these conditions, it was not an easy task to position the irregularities
or defects arbitrarily within the inlet region of contact.

The primary emphasis of the present work is also the getermination,
by optical interferometry, of the film thickness variations caused by
artificially-produced dents and furrows in simple EHD sliding contacts. As in
[4,5], the defects are formea on a highly polished ball which is in contact
with a sapphire disk. However, in the present work, the ball and, therefore,
the defects are held stationary at various positions in the inlet region and
Hertzian contact while the disk is moving. Unlike the previous work, in the
present work, the defects could be easily positioned anywhere and therefore,

a more complete investigation of the effects of surface defects on film thick-
ness variations was possible.




EXPER IMENTAL APPARATUS

As stated previously, the film thickness distribution within the Hertzian
contact was observed by using optical interferometry. The optical elasto-
hydrodynamic apparatus is shown in Fig. 1 and described in detail elsewhere
[9,10]. 1nhe oasic components of the apparatus consist of a bal: which rides
against a transparent disk.

Fringes of very good visibility were obtained by using a 17 percent re-
flecting layer of chromium on the bearing surface of the transparent disk.
Interference measurements were made with wavelengths of two colors (red and
green). These were obtained by using a special filter and a xenon tlash lamp
as a light source. The details of this system and its calibration are
described more tully in [11,1¢]. All measurements were carried out at rocm
temperature.

TEST MATERIALS

The test bearing specimens are shown in Fig. ¢. The ball is 0.02063 m
in diameter and made ot AlSl 5¢100 steel. 1ts nominal surtace roughness
is better than U.018 um rms (0.7 win.) and its nardness is approximately
b5 R . Uther mechanical properties are shown in Table 1. The transparent
disk is 0.1U¢ m in diameter and made ot sapphire. lts mechanical properties
are also given in lable 1.

The test ball was supported by three bearings located in a lubricant
reservoir shown wn Fig. ¢. The formation ot the artiticial getects on the
ball is aescribed in detail in [4].

The tests were performed with a synthetic paraffinic o1l that was des-
ignated by the manutacturer as XKM 109f3, The properties ot the test tluid
are given in Table ¢.

RESULTS

The surtace detects were observed at various positions in the cenjunction
region by taking single-tflash photographs. Stylus traces through the deepest
pert of the "undetormed" defects were also taken after the testing program on
cach detect had been completed. The data to be presented will show stylus
traces ot the defects tollowed by photographs ot the same detects progres-
sively positioned closer to the inlet ana in the contact region. Unlike the
detailed film thickness distribution plots presented in previous papers [3-5],
the present work will empnasize more general aspects of oil film distributions
and their variations from the smooth-surface values caused by the defects. :
For all the figures which will be presented, the inlet is at the right-hand '
side of the figure and exit is at the left-hand side. A given defect is shown
in the same orientation in the stylus traces and in the conjunction regions.

ihree parameters are usea to specity the geometry and position of most of
the derects. The position is specified by X = X/a where X is the distance
from the center of the Hertzian contact to the center (deepest part) of single
dents or single transverse grooves, or to the center (deepest part) ot the
groove closest to the contact tor multiple transverse grooves, or to the tip
of longitudinal grooves and "a" is the contact radius. The wiath of the
gefects is specified by C = c/a where ¢ is one-half ot the largest wiath
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of single defects or one-half of the largest width of the groove closest to
the contact for multiple transverse grooves. The depth of the defects is
specified by the parameter A = 6/h,, where ¢ 1is the maxium depth of
single defects or the maximum depth cf the groove closest to the contact for
multiple transverse gr oves and h, 1is the central film thickness based on
smooth surfaces. Because most ot the defects have built-up edges, the value
of ¢ and ¢ are obtained by extending the smooth-surtace profile, on both
siges of the defects, as shown in Fig. 5. Also note from Fig. 5 that in
approximating the value ot ¢, the rouncved edges (lett-hand side ot aent) are
not consiaered.

The stylus trace through the deepest portion ot a dent is shovn in
Fig. 3. This aent is the same as the dent shown in Figs. 3 and 4 of [4]. For
this dent, a = 6.3 and C = 0.32. Figures 4(a) to (d) show the dent at vari-
ous positions in the inlet and Hertzian contact. In Fig. 4(a) the dent is far
enough from the inlet that it does not influence the film tnickness in the
contact. In Fig. 4(b) the dent influences the inlet pressure generation, and
therefore, the pressure in the contact, resulting in an overall reduction ot
tilm thickness from 0.16 wm (Fig. 4(a)) to U.10 wm. This reduction takes
place in a band, downstream (left of dent) in the direction of motion,
approximately equal Lo the wiath ot the dent. In Fig. 4(c) micro-EHD effects
increase the film thickness in this band to a value above the smooth-surface
value of U.lo um, ana in F1g. 4(d) the tilm thickness in the band is still
above the smooth-surtace value but below the maximum value obtained in Fig.
4(c). In Fig. 4(d) it is noted that complete tilm recovery, to the smooth-
surface value, occurs upstream (to the right) ot the dent. The same dent
under pure sliding conditions and approximately the same smooth-surface film
thickness, but with the ball moving and the disk stationary, is shown in Figs.
7(a) to (c) ot [4]. Comparing the film thickness variations in these figures
to those in the present work, it can be concluded that with a moving dent ana
stationary aisk the film thickness variations are more localized than when tie
dent is stationary and the aisk is moving. Excluding tne area in the imme-
diate vicinity of the dent, the film thickness variations occur on the exit
side of the dent when the dent is stationary ana on the inlet side when the
dent is moving. Such ditferences can be explaired by considering the kinema-
tics of the contacting surtaces and the geometry of the dent.

In Figs. 5 and 6(a) to (d) a dent with a a4 = 3.8 ana C = 0.42 is shown.
In Fig. 6(a) the position of the der* does not influerce the central film
thickness which, in this case, is 0.¢b um. The general trends shown in Fig. 6
are the same as those shown in Fig. 4. An even larger dent is shown in Figs.
7 and 8(a) to (g) for which a4 = 6.7 and ( = 0.53. Note that the film thick-
ness variations again occur within a band which is approximately equal to the
width of the dent. From Fig. 8(g) it is noted that, once the dent is within
the contact, the film thickness variations are more localized in the vicinity
of the dent and that complete film recovery again occurs upstream of the
dent. 1In Fig. 9, a cross-sectional plot of the dent corresponding to its
position in Fig. 8(g) is shown to indicate the micro-EHD effects caused by the
built-up edge on the right-hand side of the adent (see Fig. 7). A stylus trace
of the dent is also shown in Fig. 9. The position of this trace is such that
its horizontal line corresponds to the smooth-surface central film thickness
of 0.26 um. As with previous finding [5], it is noted that the stylus trace
of the "undeformed" dent predicts contact between the surfaces while the trace




trom Fig. 8(g) shows the existence of a tilm and considerable aetormations in
the vicinity ot the built-up eage. In addition, note that, with this larger
dent, the downstream tilm thickness is approximately equal to or below the
smooth-surtace value once the dent enters the contact.

Even though the three dents discussed above have different geometries,
some general trends can be observed. The dents shown in Figs. 3 and 7 have
values ot & which are approximately the same while the values of ( are quite
different. Figure 4 shows that the maximum percentage change in the central
film thickness, trom its smooth surface value, varies from -37 to 44 percent
while from Fig. 8, this change is from -38 to 46 percent. Thus, it is noted
that, for approximately the same a, approximately the same percentage changes
in tilm thickness are observed. For the dent shown in fig. 5, the value of
& s much smaller than the & values of the dents shown in Figs. 3 anc 7.
from Fig. b, the maximym percentage change in film thickness from the smooth-
surtace value varies trom -2/ to 54 percent. These tindings suggest that a
is a useful parameter for predicting the changes in the central tilm thick-
ness, from its smooth-surtace value, caused by dents.

The eftects ot X, the position parameter, on the film thickness distribu-
tion 1s shown in Fig. 10 where the data given n Figs. b and 8 are shown in a
more compact torm. In this figure H = h/hy where h is the film thickness
downstream ot the dent and h, 1s the central film thickness based on
smooth surtaces. Since the tilm thickness is only known at discrete values
of X, the lines connecting the data points do not represent actual tilm
thickness aistribution but only general trends. Although not shown in Fig.
1U, the data given in Fig. 4 folilow the same pattern.

In Figs. 11 and 1Z(a) to (d), a relatively shalilow groove is shown with a
aal.4 anu ( = 0.11. As with the dents, it is seen from Fig. l¢(b) that the
smooth~-surtace film thickness is reduced when the groove approaches the
inlet. As the groove enters the contact, a comparison between Figs. l¢(a) anu
{d) shows that the film completely recovers except in localized areas around
the groove.

A aeeper groove is shown in Figs. 13 and 14(a) to (e). For this groove,
a4 = 3.4 and C = U.08. Again, the central film thickness is not attected when
the groove is located far enough from the inlet as shown in Fig. 14(a). In
Figs. 14(b) and (c) a film revuction is seen when the groove is in the inlet
region while a partial film recovery downstream ot the groove (to its lett)
takes place as the groove enters the contact as shown in Figs. 14(d) and (e).
Note that unlike the previous groove, this recovery is less than the smooth-
surface value. As before, upstream ot the groove, a tull film recovery takes
place. dSince continuity of flow has to exist, some fluid has to be “drained"
along the groove in order to obtain the change in film thickness Letween the
upstream and downstream sections ot the groove as shown in Fig. l4(e).

Similar effects have been found with a moving deep groove and a stationary
disk as indicated by Fig. 22 of [4]. Figure l4(e) also shows considerable
micro-tHD etfects causea by a built-up edge in this area (see Fig. 13). In
Fig. 15 a partial cross-sectional plot of the film thickness at the edges of
the groove is shown to indicate the large deformations caused by this micro-
EHD action. In this figure the horizonal line ot the stylus trace is posi-
tioneo at the smooth-surtace central film thickness as done previously with
the dent. Again, note that the stylus trace of the “undeformed" groove
predicts contact between the surfaces while the measured profile shows the
existence of a film,
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A groove having a A& = ¢.7 and C = U.12, located longitudinal to the
direction of flow, is shown in Figs. 16 ana 17(a) to (c). The behavior of
this groove, in the conjunction region, is quite similar to the behavior of
simiiar grooves studied in [4] where the grooves were moving and the disk was
stationary. Figure 17 shows that the film thickness variations caused by the
groove are localized around the grove itself. The groove does not affect the
film thickness throughout the contact as done by grooves oriented in the
transverse direction. This behavior can be understood by noting that, for a
longitudinal groove, the inletl pressure is only changed over a band approxi-
mately equal to the width of the groove.

Three closely spaced grooves are shown in Figs. 18 and 19(a) to (d). The
values of & and C for the groove closest to the inlet are 2.8 and 0.15,
respectively. Again, it is seen that as soon as the grooves enter the inlet
region, a reduction in film thickness occurs downstream of the grooves as
shown in Fig. 19(b). Figures 19(c) and (a) show that as the grooves pass the
inlet region, there is a complete recovery of the film upstream of the grooves
and a partial recovery downstream cf the grooves. As with the grooves in fig.
14, some o0il drainage along the groovec occurs. by comparing the results from
Fig. 19 to those shown in Figs. 17(b) and 30 of [5], for approximately the
same central film thickness, again it can be concluded that the film thickness
variations are more widespread throughout the contact when the grooves are
stationary and the disk is moving than when the grooves are moving and the
disk is stationary. '

Because of the diverse geometries of the groove, direct comparisons
between the various film thickness distributions caused by these grooves
cannot be made. It can again be stated, however, that a4 plays an important
role. The grooves shown in Figs. 11 and 13 have a a of 1.4 and 3.4, respec-
tively. The reduction in central film thickness, from the smooth-surface
value, is ¢7 percent for the groove shown in Fig. 11 and 62 percent for the
groove shown in Fig. 13. '

DISCUSSION

The data presented in this paper indicate that for the same smooth-surface
central film thickness, more film thickness variations are caused by station-
ary defects than by moving defects under pure sliding conditions. (ne possi-
ble explanation for such difference is that the defects are in the conjunction
region for a relatively short period of time when they are moving and the aisk
is stationary. Therefore, thermal effects, converging-wedge effects, as well
as fluia drainage effects can be less severe under such kinematic conditions.
These findings were also substantiated at the beginning of the testing program
when an attempt was made to use the same defects and central film thickness
used in [4,5]. by changing the kinematic condition from stationary disk and
meving defects used in [4,5] to stationary defects and moving disk used in the
present study, it was noted that severe damage was caused to the coating of
the disk when the defects were positioned in the inlet region. No coating
damage was noted in obtaining the data reported in [4,5]. Because of this
coating damage, most of the data presented in this paper were o.'ained by
using a larger central film thickress than that used in reference [4,5].

The results presented indicate that defects in or near the contact change
the central film thickness obtained with smooth surfaces. This change is



caused by a moaification of the local EHD pressure generated in the inlet
region of the contact. For a given smooth-surface film thickness, the extent
of this change depenus on the geometry ana location of the defects. Witr
dents, the general pattern, as the dents are progressively positiored cioser
to the inlet region and finally into the contact, is for the downstream film
thickness at first to be lowered from its smooth-surface value, then increase
to a maximum which can bc I-::h larger than its smooth-surface value and
finally decrease to a value which can be larger or smaller, depending on the
size of the dent, than the smooth-surface value. The fluid film thickness
upstream of the dents is always equal to its smooth-surface value.

For grooves oriented transversely to the direction of flow, the central
film thickness is first reduced as the giooves enter the inlet and then it
increases as the grooves enter the .ontact. For shallow grooves, the down-
stream film thickness increases to its smooth-surface value when the grooves
are in the contact while, for deeper grooves, the downstream film thickness
never recovers to its smooth-surface value. It is noted that, unlike gents,
grooves do not seem to generate downstream central film thicknesses which are
larger than the corresponding smooth-surface values. This difference between
dents and grooves is probably due to the tendency of the fluid to be trapped
within dents while draining along grooves in the inlet region.

The location of the defects, especially in the inlet region, can have a
s.gnificant influence on the film thickness distribution in the entire con-
tact. The degree of influence is mainly a function of A. It can generally
be stated that if & 1is small, the variations in film thickness tend to be
more localized around the defects while with a large A the film thickness
can change throughout the contact. In addition, large localized film thick-
ness variations can be caused by built-up edges around defect. Such varia-
tions can result in very high stress concentrations in the vicinity ot the
built-up edges. Since defects can cause these film thickness variations from
the smooth surface value, it is reasonable tc assume that they can contribute
to both fatigue and scuffing failures. Scuffing failures can take place
because of the reduction in film thickness from the smooth-surface value and
fatigue failures can take place as the result of micro-EHD action which can
cause large surface deformations with accompanying high stress concentrations.

It can be argued that the analytical film thickness data obtained for
furrows in line contacts should follow the same trends as the experimental
data presented in this paper for dents in point contacts. This argument is
based on the fact that, for both contacts, the lubricant tends to be trapped
within the defects. A complete analytical solution of the line contact prob-
lem, recently obtained at the Univeristy of [1linois, substantiate the general
film thickness trends reported in this paper for dents. That is, the presence
of a furrow close to or within the inlet region in line contacts can decrease
or increase the central film thickness, from the smooth-surface value, depend-
ing on its position in this region. The analytical line contact data obtained
by Cheng and Bali [8], which are based on an analysis of the inlet half of the
contact, show a decrease in the film thickness, from the smooth-surface value,
for the furrow positions analyzed. 1t is reasonable to assume that their
analysis would also show increases in film thickness, from the smooth-surface
value, if more data were obtained with the furrow at various positions within
the inlet region and contact.
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It is felt that analytical solutions which would consider the same defect
geometries ana other parameters presented in this paper would indicate that,
inside many of the defects, the pressure 'would go to zero. Perhaps future
analytical studies, which consider cavitation in the defects for both line and
point contacts, will result in a better understanding of the film thickness
variations and associated pressure and stress variations caused by defects.

CONCLUS IONS
The foliowing conclusions can be drawn as the result of this study:

1. The film thickness variations in the Hertzian contact, caused by dents
and grooves, are more widespread when the defecis are stationary and the disk
is moving than when the defects are movirg and the disk is stationary.

2. Dents change the central film thickness as they approach and enter the
inlet in EHD contacts. The downstream film thickness is first reduced below
its smooth-surface value, then increases above its smooth-surface value and
finaily decreases to a value which is from above to below the smooth-surface
value depending on the size of the dent.

3. Grooves oriented transversely to the direction of flow tend to change
the central film thickness more dramatically than dents as they approach and
enter the inlet. With these grooves, the downstream film thickness is first
reduced from its smooth surface value and then, as the grooves progressively
move into the contact, the film thickness recovers to its smooth-surface value
or stays-below this value depending on the size of the grooves.

4, The film thickness upstream of the defects always recovers to the
smooth-surface values for all defects considered.

5. The film thickness variations caused by the defects mainly depend on
the depth of the defect relative to the central film thickness.

6. Micro-ERD action can produce large local surfacc deformations with
accompanying large stress concentrations near the built-up edges of defects.
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TABLE 1, - BEARING MATERIAL PROPERTIES

Ball Disk

Material

Elastic modulus

Compressive strength 1.4x10° N/m2

52100 Steel Sapphire
2x10% N/m?2
204x102 N/m? | 365x10% N/m?

Poisson's ratio 0.3 0.25
Hardness 65 Rc 9 Moh
Roughness 0.018 um rms | Optical polish
TABLE 2. - PROPERTIES OF TEST FLUID
Synthetic paraffinic oil (XRM 109F3)

Viscosity 45 830 ¢S at -17.8° C N
493 cS at 37.8° C
42.6 cSat 98.9° C
Density 0.8389 g/cm? at 37.8° C
0.5082 g/cm® at 93.3° C
0.777 g/cmS at 149° C
Pressure 1.77x10"8 m2/N at 37.8° C
viscosity 1.51>10"% ra%/N at 99° €

coefficient

Refractive index

1.09x107% m?/N at 149° C
1.4689 at 23° C

\\'AIR BEARING

\  CTRANSPARENT / .
\ \OISK

PIvoT
TEST BALL : ]
]

/

">~ FLOATING PLATE

- RESTRAINING SPRINGS

;=BALL SUPPORT AND
LUBRICANT RESERVOIR

Figure |, - Optical EHD rig.
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Figure 2. - Test ball, transparent disk an:* lubricant reservoir.
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Figure 3, - Stylus trace of smali dent, A= 43, C- Q32
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Figure 5. - Stylus trace of medium dent, A=3.8, C = 0,42,
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Figure 8. - Concluded.
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Figure 9, - Comparison of measured profile and stylus trace at edges of dent shown
in tigure 8ig).
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Figure 12 - Concluded.
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Figure 15. - Comparison of measured profile and styius
trace at edges of groove shown in ligure 14ée),
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Figure 18. - Stylus trace of three transverse grooves, A«28, C~0Q15,
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Figure 19, - Concluded.



